Summary. Femoral neck stress fractures (FNSFs) in healthy young subjects are uncommon and most prevalent among long-distance runners and military recruits. Women seem to be at higher risk of developing stress fractures because of possible eating disorders followed by amenorrhea and osteoporosis. This case report describes four young and middle-aged, active female recreational runners who developed stress fractures of the femoral neck. In three of them, with a clinical history of persistent pain in the groin region, which worsened during training, early diagnosis by MRI was considered essential in detecting the fractures. The patients were clinically, metabolically and radiographically evaluated; they were then treated and followed-up at our institution. Only one case was treated conservatively, while the others underwent surgical internal fixation using a screwplate (DHS®). All of them returned to sport physical activity after a recovery period. Regarding the challenging management of FNSFs, our report highlights the importance of groin pain, especially in athletic females, an early diagnosis by MRI, and a proper classification of these injuries for a correct choice of treatment in order to prevent further dislocation and avoid avascular necrosis of the femoral head. (www.actabiomedica.it)
Introduction
Femoral neck stress fractures (FNSFs) are uncommon injuries that were reported by Asalin, a German military surgeon first in 1905 (1) and then in 1936 (2), while Devas in 1958 (3) described these injuries in athletes. They currently account for between 1% and 7.2% of all stress fractures in healthy subjects; the femoral neck is involved in 11% of them (4) . Nowadays, running is considered a main cause for sport-related stress fractures, especially in the lower extremity (5) . FNSFs are more common in young women, especially runners, other endurance athletes or female military recruits as opposed to male ones (6) , as well as in individuals with metabolic disorders. Most FNSFs in athletes are fatigue fractures caused by repetitive loading of normal bone with abnormal forces (7) . Hence, potential risk factors include female gender, age, smoking, low aerobic conditioning, a sudden reduction in weight and lower extremity muscle mass combined with daily training (8) , decreased femoral BMD and bone strength (9) , gluteus medium weakness, coxa vara alignment (10) and femoral acetabular impingement (11) . These fractures are also found in patients with an abnormal femoral anatomy, renal osteodystrophy, use of corticosteroids, amenorrhea and osteomalacia (12) (13) (14) (15) (16) (17) (18) .
At present, the most commonly used classification system for FNSFs is that of Fullerton & Snowdy (19) , based on both plain radiographs and bone scans, which divides them into 3 groups: Type I fractures, developed on the tension-side of the femoral neck; Type II fractures on the compression-side; and Type III displaced fractures. A fourth category, superiorly based incomplete tension-type fractures, originally added by Provencher (20) , are routinely missed on plain radiographs, while they are usually detected with magnetic resonance imaging (MRI). More recently, an MRIbased classification system was proposed by Arendt & Griffth to predict the outcome of FNSFs, dividing them into 4 grades: Grade 1, signal change on STIR sequencing; Grade 2, change on STIR and T2; Grade 3, change on STIR, T1, and T2 but with no fracture line present; Grade 4, change on STIR, T1, and T2 with a fracture line present (21, 22) .
The typical presenting complaint in FNSFs is gradual onset hip or groin pain, increased by activity and weight-bearing and reduced or ceased with rest. Symptoms can be located in the anterior groin region, thigh, gluteal region or radiating to the knee. The pain is often associated with increased intensity or duration of normal physical exercise. Initially, it is noted in the latter part of prolonged exercise, and later, it can be present at night and at rest, always associated with antalgic gait. Further, the presence of "cracking" or "popping" sensations during exercise is often associated with complete and displaced fractures (19, (23) (24) (25) .
Since it is particularly difficult to diagnose FNSFs from history and physical exam, imaging is fundamental to get a correct and early diagnosis, even if plain radiographs do not show any clear finding (26) . For this reason, although hip and pelvis bone scans and CT are very useful to get a proper diagnosis, the gold standard for the diagnosis of these injuries is considered MRI (27) . Besides giving a better anatomic definition of the fracture, it can provide further information on the fracture outcome, as pointed out previously (21, 22, 28) .
This mono-centre report describes the clinical, diagnostic and therapeutic approaches to treating four cases of FNSFs that occurred in young and middleaged, active female recreational runners between January 2011 and December 2016. At our institution, the patients were treated and followed-up by the same single surgeon (A.B.), according to the newest evidence-based knowledge reported in the literature. In fact, they were assessed clinically and radiographically, and underwent bone metabolism and endocrinological evaluation by blood tests of vitamin D cholecalcipherol, calcium, phosphorus, alkaline phosphatase (ALP), serum protein electrophoresis, parathyroid hormone (PTH), tumor markers (CEA, CA125, CA19-9, CA15-3, AFP), and by urine calcium level test.
Case report 1
A 42-year-old female, accountant by profession, recreational runner of approximately 30 kilometers per week, presented a 4-week history of deep, intense pain in the right groin, which appeared after usually 30 minutes of running. She denied any symptoms of the left hip. There was no history of trauma, alcohol abuse, steroid use, metabolic disorder or any relevant diseases. Her body height was 163 cm with body weight 51 kg, and her BMI was 19.2 Kg/m 2 . She had born two children and had a normal menstrual cycle. At the beginning of symptoms, she took analgesics with partial clinical improvement. However, due to persistence of pain, she was evaluated by her general practitioner (GP) who suggested x-rays and MRI of the pelvis and hip joints.
At the orthopaedic visit, physical examination revealed a slight ROM reduction of the right hip due to pain compared to the contralateral: flexion limited to 90°, extension 20°, external rotation 40°, internal rotation 10°, flexion-abduction 45° and adduction 30°. The neurovascular examination showed normal results of both lower extremities. The values of tumor markers, urine calcium level test and all blood tests prescribed in that occasion resulted normal except for vitamin D and PTH (Table 1) . Radiographic examination including plain pelvis x-rays (antero-posterior and lateral views) did not revealed any bone alteration or sign of fractures (Figure 1a and 1b) , while the MRI showed edema of the spongy bone in the femoral neck base and a suspicious fracture line in the inferior margin of the femoral neck (Figures 2a and 2b) . The diagnosis was an FNSF at the right femoral neck base, which was classified according to Fuellerton and Snowdy as a Type II, compression-side, incomplete FNSF.
Discussing the MRI results with the patient, a conservative treatment was proposed, advising rest, using elbow crutches to avoid load on her right left limb for 30 days, then for further 20 days with assisted loading by crutches and finally, full weight-bearing at 2-month follow-up. Further, the patient was advised to take non-steroidal anti-inflammatory drugs (NSAIDs) for pain control and Cholecalcipherol 30.000 U.I./month to improve vitamin D levels.
During the rehabilitation period, the patient underwent physiokinesis and magnetic therapy cycles. She was followed at 3, 6 and 12 months following the injury, being clinically, metabolically and radiographically assessed. At 3-month follow-up she was completely pain free with full right hip ROM on clinical examination. She was able to walk with complete load without pain, starting only stationary cycling and swimming, while a month later, she started normal physical activity, without complaint. The new x-ray imaging studies performed showed callus formation on the inferior aspect of the femoral neck. At 6-month follow-up, the blood level of vitamin D and PTH improved almost to normal values ( Table 1 ). The 12-month follow-up MRI showed no signs of avascular necrosis (AVN), and there was radiographic evidence of a healed stress fracture (Figures 2c and 2d ).
Case report 2
The patient was a 28-year-old female, physician by profession, recreational runner, physically active non-smoker who complained of 2-week deep left groin pain during usual exercise of 60 minutes running 2-3 times per week. She had no allergies to medications. She did not drink or smoke and denied any drug use. She did not report specific history of previous trauma, also in her right hip. She had no past medical history except for polycystic ovary syndrome (POS).
As her symptoms did not abate taking NSAIDs regularly, she came to our outpatient department. At the time of presentation, her height was 164 cm and . Clinical examination revealed no deformities or shortening either lower limb, and excellent capillary refill and good pulses. No neurological deficit was identified. Her left hip ROM was complete, comparable with the contralateral and with no pain limitations. However, the symptoms started and increased with load. The iliopsoas test and those for labral pathology were negative. The contralateral hip did not present any pathology. Tumor markers, a urine calcium level test and all blood tests prescribed resulted normal. As vitamin D was just at the normal limit (Table 1) , Cholecalcipherol 50.000 U.I./month was suggested. Imaging studies were performed including first pelvis and x-rays of the hips (antero-posterior and lateral views), which did not show any alteration (Figures 3a and 3b) . The MRI of her pelvis was performed 6 days later ( Figure  3c ), identifying a left femoral neck stress fracture on the medial side without cortical bone involvement and with surrounding edema of the spongy bone. Following Fuellerton and Snowdy, the injury was classified as a Type II, compression-side, incomplete, FNSF with a good prognosis. On the basis of clinical signs and radiographic results, the patient was treated conservatively and advised to rest, use walking aids to avoid full weight-bearing on her left lower limb. Unfortunately, when at 2-month-follow-up assisted loading by crutches was permitted, the pain increased suddenly. Immediate hip-x-rays were performed with a suspect of a Type II, compression-side, complete FNSF, which was radiologically confirmed as a superior neck margin fracture with cortical bone involvement. Hence, surgical treatment was proposed, and the patient underwent an internal fixation procedure on her proximal left femur using a DHS® DePuy-Synthes plate. After surgery, she was discharged with assisted loading by elbow crutches. After 30 days, she was able to walk with complete load, without aids and pain, starting stationary cycling and swimming. Finally, the patient was followed at 3, 6 and 12 months following the injury, being clinically, metabolically and radiographically assessed. At 6-month follow-up, the blood level of (Table 1) , and at the last follow-up, the plain x-rays (Figures 4a and 4b) and MRI showed evidence of a healed stress fracture without signs of AVN (Figure 4c ).
Case report 3
The
2 ). At the time of presentation, the patient suffered POS, dysmenorrhea and had previous history of anorexia with amenorrhea. However, she did not report specific history of previous trauma. She complained of a 4-week history of deep left groin pain during physical exercise, treated with partial relief by taking NSAIDs after every training session. Unfortunately, during a 20-kilometer running competition, she had intense pain in the left groin and was forced to abandon the race. After that, she came to the outpatient department of our institution for a first opinion.
Physical examination revealed no deformities of either hip. However, there was evidence of atraumatic mild pain of the left hip, complete ROM with moderate pain in passive motion, which increased with load and walking with discrete limping, and functional impairment, especially in internal rotation. On the right side, full range of motion was observed. The values of tumor markers, a urine calcium level test and all blood tests taken later resulted in normal ranges except for vitamin D and PTH (Table 1) . Therapy with Cholecalcipherol 100.000 U.I./month was started to improve vitamin D levels. Pelvis and hip x-ray images (Figure 5a and 5b) showed an undisplaced femoral neck fracture, while the following CT scan (Fig. 5c and 5d ) revealed a left femoral basicervical fracture, incomplete in the posteriordistal part, without bone callus. The MRI confirmed a complete fracture of the neck base of the left femur and the presence of intra-articular fluid (Figures 5e and 5f ).
Following Fuellerton and Snowdy, it was classified as a Type II, compression-side, complete FNSF.
On the basis of the patient's clinical presentation and radiographic examination, surgical treatment was proposed and performed using a DHS® S DePuySynthes plate (Figures 6a and 6b) . The post-operative course was uneventful, and the patient was discharged and advised to walk with assisted loading with crutches for 30 days. After 60 days from the operation, she was able to walk with complete load, without crutches and pain free. She followed the same clinical, metabolic and radiographic post-operative protocol. At 6-month follow-up, the blood levels of vitamin D and PTH were normal (Table 1) . At 12-month follow-up, she was completely pain free and demonstrated full range of motion of her left hip upon clinical examination, while the x-rays showed evidence of a healed stress fracture without signs of AVN (Figures 6c and 6d) . 
Case report 4
A 48-year-old female, public administration employee, thin physical build and non-smoker with no history of metabolic diseases or use of corticosteroids, having born two children, complained of 4-week left groin pain. At the beginning, it was dull and not radiated, of low intensity, and presented only during running activity. She denied any history of symptoms of the right hip. There was no habitual dietary abnormality that could include osteoporosis. She had started running regularly for 30 minutes, training 2 times per week just 3 months before the appearance of symptoms. Despite them, she decided to continue her physical activity with a worsening of pain and with a limp. She started a cycle of physical therapy with a further worsening of pain that started to radiate into the posterior aspect of the left lower limb.
After 10 days of increasing symptoms, she came to the outpatient department of our institution. Clinically, her left hip ROM was limited by pain: flexion 80°, extension 20°, external rotation 30°, internal rotation 10°, flexion-abduction 35° and adduction 20°. The neurovascular examination showed normal results of both lower extremities. At the time of presentation, her height was 170 cm and weight 56 kg with a BMI of 19.3 Kg/m 2 . As for metabolic investigations, the patient presented a low blood value of vitamin D and a high level of PTH (Tab. 1), while all other urinary and blood tests and tumor markers were in normal range.
Thus 60.000 U.I./month of Cholecalcipherol were suggested. She then underwent radiographic evaluation including x-rays and a CT scan of the pelvis and hip (Figure 7a, 7b and 7c) which revealed a complete and displaced left femoral neck base stress fracture, Type III, according to Fuellerton and Snowdy. As the diagnosis had already been determined by radiography MRI was not necessary. Hence, surgical internal fixation by a DHS® DePuy-Synthes plate and a 7 mmcannulated screw was proposed and performed (Figures 8a and 8b) .
After discharge, the patient was advised to use crutches, avoiding load on the left lower limb for 30 days; thereafter, assisted loading with crutches was authorized for another 20 days and complete load after that. She was assessed by the same clinical, metabolic and radiographic post-operative protocol. At 3-month follow-up, she was able to walk without crutches; she was completely pain free and had started stationary cycling and swimming. At 6-month follow-up, the blood level of cholecalcipherol was in normal range, while those of PTH persisted high (Table 1) . At 12-month follow-up, the x-rays showed signs of FNSF consolidation without AVN (Fig. 8d and 8c ).
Discussion
FNSFs, although uncommon injuries, are a known cause of groin, thigh or knee pain, often reduc- ing at rest, in athletes at all levels of competition. They can also occur in children and adolescents. Multiple risk factors can be involved, including nutritional and dietary aspects (20) . It was reported that FNSFs are more common in women with limited caloric intake, with avoidance of dairy products and high fat products, especially in women who have low BMI and eating disorders during adolescence (29, 30) . Female athletes with amenorrhea have 2-4 times higher risk of FNSFs compared to those ones with eumenorrhea (31). In our report, all patients were female, recreational runners, with thin body build and low BMI. Two of them had polycystic ovary syndrome, and one of them suffered also from an eating disorder during adolescence. Another important finding was that all patients had a low vitamin D blood level and high PTH (Tab.1). Osteoporosis also causes a higher risk of fracture (32, 33) . Bone stock and fracture risk is inverse and continuous. Femoral fractures are 2.6 times more common for every reduction of 1 standard deviation of femoral bone mineral density (BMD) (34) .
Because of vague presentation of symptoms (35, 36) and non-specific physical examination (37), the clinical diagnosis of FNSFs is difficult, and approximately 75% of them may be misdiagnosed or undiagnosed on physical examination (20) . As the hip and the surrounding tendons are overstressed and often overloaded, especially in athletes (38) , these patients are often treated for muscle strain or hip tendinopathies during preparation for a marathon or other sport event (37) . Although radiographs are appropriate as an initial screening, they have been reported to have low sensitivity for early detection (15%) and at follow-up (50%) (39) . Hence, if clinical suspicion is high, further imaging is recommended from the initial presentation. In particular, a bone scan is more sensitive in high bone remodelling areas, but it lacks specificity due to similar uptake in case of infection, osteonecrosis and tumors (40) . MRI evaluation is the most sensitive and specific imaging exam for the diagnosis of FNSFs (41); it can detect early, low-grade bony changes associated with FNSFs, such as periosteal, muscle and bone marrow edema (42) (43) . In agreement with Naik (44) , who stated that additional tests and radiographic examination are not necessary to confirm the diagnosis when the fractures are evident in the initial standard radiographs, including CT scan, also in our series, MRI was performed at our institution in only 3 of 4 cases; there was no need to carry out MRI in the fourth Type III fracture case, as the standard x-rays and CT scan of the pelvis and hip were sufficient for diagnosis. Only for case 3, a better study of the fracture was required with MRI after CT, however without changes related to previous radiographic classification and surgical indication.
Although FNSFs are often a matter of debate in the community of orthopedic surgeons, at our institution, a clinical approach based on Fullerton and Snowdy radiographic classification was used for their management. For both Type I, compression-side, undisplaced fractures, and for Type II, incomplete, tension-side fractures, a conservative treatment is indicated, even though, for the latter, a prophylactic surgical fixation is advocated (45) . In fact, for case 2, the second option of treatment by surgery was necessary. On the contrary, for Type II, tension-side fractures, some complete and all displaced fractures, and for those cases of patients not compliant with conservative treatment or in those with persisting pain after 4-week conservative treatment, surgical fixation and early ambulation are necessary, especially for young individuals.
Currently, the best surgical option is considered the screw-plate as opposed to cannulated screws or intramedullary nailing due to the best support for axial load (41) . Further, it is still considered the preferred treatment equivalent of cannulated screw and screwplate internal fixation (42) . For these reasons, a screwplate system was preferred in our surgically treated cases; a further de-rotation cannulated screw was added in the fourth case, providing a more stable construction and reducing the risk of rotating the femoral head during cephalic screw insertion, which could limit the femoral head blood supply (46) .
Among the several complications reported such as refracture, varus collapse, or pseudoarthrosis (47), the major surgical risk, even in the correct treatment of FNSF, remains the avascular necrosis of the femoral head. Different studies reported a percentage of AVN between 18 and 25% after FNSF surgical treatment (48, 49) . Obviously, the risk is correlated to the grade of displacement, the kind of internal fixation used, fracture-treatment timing and proper anatomic reduction (50) . The most important risk factor in order to predict the AVN of the femoral head in these injuries is delaying their surgical treatment. Its incidence is estimated up to 3/10 patients with a treatment delay of over 4 weeks from the appearance of symptoms (51) . In contrast, if the treatment is performed in the first 6 hours after the start of symptoms, AVN incidence is limited to 10.5-20% (52, 53) . Finally, there are both significant morbidity and cost in the treatment of these fractures.
A better understanding of causes could improve prevention in these risk categories of patients through routine evaluation of their bone and endocrinological metabolism. We suggest specific blood and urine testing, including also a full blood count, erythrocyte sedimentation rate and C-reactive protein levels (47, 54) , and an additional hormone profile for females as performed in our cases.
Conclusions
On the basis of the literature and supported by our experience, although limited to the 4 cases presented, we believe the success in management of FNSFs is related to:
-avoiding the underrating of groin pain persisting more than 3 weeks when correlated in young and middle-aged sports subjects, especially if female; -bone markers and hormone profile screening of women and starting medical treatment if necessary; -early evaluation of the pelvis and hip first by standard x-rays and then, if negative, by MRI (gold standard); in this way, it is possible to avoid any delay in diagnosis, often cause of further fracture displacement and possible AVN of femoral head; -classifying the FNSF according to the radiological prognostic system proposed in the literature for a proper choice between conservative or surgical treatment; -when the treatment indication is surgical, performing a perfect reduction, anatomic or in slight valgus, associated with a stable and rigid internal synthesis to avoid AVN, followed by a specific recovery period.
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